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Lipopotysaccharide  labeled  with  fburesceta  bodriocyanate  (TTTC-LPS)  »**  wied  to  examine  latemctfaaa 
between  endotoxin  and  plasma  membrane  in  belated  rat  brpatocyies  rod  oio«h»  atmtintweM  NB41A3 
calls.  At  tb*  same  endotoxia  la  cdl  rxtkx,  bepatocytes  kmd  more  toxin  than  dad  iKurabiasroeaa  eeib.  At  a 
doee  of  12  p|/mg  dry  wt,  a  bonnd  mobOe  fraction  of  between  <0  and  75%  of  FT1C-LPS  wn  found  en 
bepatocytes  at  2S*C  with  a  Intend  diffusion  coefficient  (D)  of  4.A •  10 ~* cm2/*.  La  eenroMasteeaa  criis,  the 
mobOe  fraction  «n  larger  (15-90%),  with  D  1.0 » 10  "*  a*2/*.  D  Vn  teatperMureHtepeadetn  between  10 
and  37*C  and  increased  from  M*  10"*  la  1.0*  10"*  an3/*  ia  bepatocytes  and  tnm  94*  10**  to  1.9- 19** 
cm2/*  in  neuroblastoma  calls,  la  both  types  of  call,  noenriabte  (crib  wind*  did  not  exdetda  Trypan  Woe)  as 
rompsred  to  riaWe  crib  thowed  deferent  racorery  patterns  and  100%  of  the  probe  aotraio  were  aokik. 

^  These  tesults  suggest  that  (1)  endotoxin  bending  to  mommenaa  cefls  consists  of  tw«  Mhpcpuiatiem  with 
different  mobilities;  (2)  binding  ef  (be  bnmobae  fraction  b  dependent  an  ee&dar  integrity,  and  (3)  the 
differences  in  binding,  lateral  nobility,  and  size  of  &e  immobils  fraction  in  bepatocytes  and  neuroMastoam 
caQs  nay  be  dne  to  variations  tat  mnnhrawe  campoiitioa  aad/er  nmeber  of  binding  sites,  r  *  p  •  -  ♦  i  -**—• 


Introduction 

-*  Little  is  known  about  the  mechanism  of  action 
of  endotoxins  at  the  cellular  level,  although  their 
effect*  in  clinical  situations  and  experimental 
animals  have  been  charactehzad  extensively.  Previ¬ 
ous  studies  from  this  laboratory  (1-3}  have  used 
isolated  ceils  as  an  in  vitro  model  system  and 
explored  early  cellular  responses  (changes  in 
metabolites,  ion  contests  and  enzyme  activities)  to 
endotoxin  exposure,  la  the  present  work,  we  have 
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used  fluorescein  isothiocyanate  labeled  lipopdy-v 
saccharide  to  examine  directly  the  mechanism  of 
toxin  attachment  to  mammalian  cell  membranes. 
Earlier  investigations  have  shown  that  endotoxins 
have  the  ability  to  bind  to  and  interact  with  almost 
aQ  types  of  mammalian  cells  (4-9).  Whether  this 
interaction  occurs  through  nonspecific  lipid-lipid 
contacts,  which  cause  membrane  destabilization 
and/or  changes  ia  fluidity,  or  through  binding  to 
a  specific  membrane  component,  which  initiates 1/ 
cellular  perturbations,  remains  to  be  determined. ' 

Ia  vivo  studies  have  shown  that  the  bver  is  an 
important  site  for  clearance  of  eodouria  and  that 
parenchymal  edit  as  well  as  Kupffcr  cells  arc 
involved  ia  this  process  [9,10).  It  is  also  known 
that  not  all  ceQ  types  bind  cadotona  with  the 
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same  affinity  or  are  equally  susceptible  to  its  toxic 
effects  [4,5,7].  In  particular,  transformed  cells  are 
far  more  resistant  to  the  toxic  effects  of  endotoxin 
than  are  primary  cells  [5,11].  Therefore,  in  the 
present  study,  we  examined  the  binding  character¬ 
istics  and  lateral  mobility  of  endotoxin  in  two  cell 
types,  primary  cells  (hepatocytes  isolated  from 
perfused  rat  livers)  and  transformed  cells  (mouse 
neuroblastoma  NB41A3),  using  the  method  of  flu¬ 
orescence  recovery  after  photobleaching.  This  is  a 
relatively  new  technique  which  can  be  used  to 
study  lateral  mobility  of  membrane  proteins,  gly¬ 
coproteins,  and  lipids  (for  reviews,  see  Ref s. 
12-14).  The  lateral  mobility  of  these  membrane 
components  is  important  in  controlling  cellular 
responses  to  the  external  environment.  Because 
membrane  proteins  and  lipids  have  different  diffu¬ 
sion  properties  on  the  cell  surface,  it  should  be 
possible,  using  the  fluorescence  recovery  after  pho¬ 
tobleaching  technique,  to  determine  whether  endo¬ 
toxin  is  binding  to  either  a  protein  or  lipid  compo¬ 
nent  of  the  plasma  membrane.  This  knowledge 
should,  in  turn,  not  only  allow  us  to  gain  some 
insight  into  the  mechanism  of  endotoxin  attach¬ 
ment  but  also  to  test  the  possibility  that  the  initial 
interaction  of  the  toxin  with  the  plasma  membrane 
influences  cellular  susceptibility  to  its  action. 

Materials  and  Methods 

Cell  culture.  Mouse  neuroblastoma  cells 
(NB41A3)  were  grown  in  RPMI  1640  medium 
supplemented  with  10%  fetal  calf  seruxn  and  peni¬ 
cillin  /streptomycin.  The  cultures  were  maintained 
in  a  humidified  atmosphere  of  5%  C02  in  air  at 
37°C  for  2-3  days.  The  cells  were  detached  mech¬ 
anically  from  their  solid  support,  washed  in  Hanks’ 
medium  [15]  containing  5-10  mM  glucose  and 
0.2%  bovine  serum  albumin,  and  resuspended  in 
the  same  medium  to  a  final  concentration  of  4-5 
mg  dry  weight  cells/ml  ((8-10)  •  103  cells/ml).  The 
cell  suspension  was  passed  through  a  wire  mesh 
(60-80  fim)  to  ensure  homogeneity.  Incubations 
were  carried  out  at  25°C  in  a  Dubnoff  metabolic 
shaker,  in  open  flasks  (to  ensure  adequate 
oxygenation).  The  dry  weights  of  cells  in  suspen¬ 
sion  and  of  the  medium  were  determined  for  each 
preparation. 

Hepatocyte  preparation.  Hepatocytes  were  iso¬ 


lated  from  perfused  rat  livers  according  to  the 
method  of  Berry  and  Friend  [16]  with  modifica¬ 
tions  described  by  Krebs  et  al.  [17].  Male 
Sprague-Dawlev  rats  (200-300  g)  were  starved  for 
48  h  then  anesthetized  with  sodium  pentobarbital 
(Nembutal,  Abbott  Laboratories,  Chicago.  IL)  by 
intraperitoneal  injeebon  at  a  dose  of  5  mg/100  g 
body  wt.  Livers  were  perfused  with  Krebs- 
Henseleit  saline  (pH  7.4)  equilibrated  with-Krebs- 
-HingMwt.  taliru-  (pH  7  ri),  .wyMUKwtwt  with  95% 

0^5%  CO2  and  containing  0.4  mg  collagenase/ml 
(Boehringer-Mannheim,  Indianapolis,  IN)  and  1% 
bovine  serum  albumin.  Perfusions  were  carried  out 
with  flow  rates  of  40  ml/min  and  at  37°C.  After 
isolation,  the  cells  were  suspended  in  krebs-  t/  ^ 
Henseleit  buffer  containing  2%  dialyzed  bovine 
serum  albumin  to  a  cell  concentration  of  5  mg  dry 
wt/mL  Cell  suspensions  were  maintained  in  an 
atmosphere  of  5%  CO-  in  O-  and  continuously 
shaken  at  25°C  Dry  weights  of  the  cells  in  suspen¬ 
sion  and  of  the  medium  were  determined  for  each 
cell  preparation. 

Experimental  design.  Primary  and  transformed 
cells  were -isolated  and  suspended  as  described 
above  and  incubated  with  various  concentrations 
(0.2-50  pig/mg  dry  wt.)  of  fluorescein  iso- 
thiocyanate-lipopolysaccharide  conjugate  (FTTC- 
LPS)  (List  Biologictl  Laboratories,  Campbell,  CA). 

In  this  preparation,  the  lipopolysaccharide  was 
isolated  from  Escherichia  coli  055  :B5  and  the 
FTTC  probe  was  attached  onto  the  lipid  A  portion 
of  the  molecule  (24.1  mol  FTTC/mol  |PS).  At  L°- 
various  incubation  times,  two  aliquots  of  cells  were 
removed.  One  aliquot  washed  without  any  further  x fir- 
manipulation  and  the  second  was  washed  by  dilut¬ 
ing  10-fold  in  endotoxin-free  medium  to  ap¬ 
proximately  the  same  cell  concentration  (5  mg  dry 
wt/ml).  In  both  samples  (washed  and  unwashed), 
fluorescence  intensity  was  measured  using  a  Per- 
kin-Elmer  650-10S  fluorimeter  with  465  nm  and 
520  nm  as  excitation  and  emission  wavelengths, 
respectively.  Bound  and  free  concentrations  off^ 

FITC-LPS  were  determined  from  the  fluorescence  - - 

intensity.  The  washed  cell  suspension  destined  for1  5 

the  fluorescence  recovery  after  photobleaching,  I 

measurements  was  mixed  with  Trypan  blue  (10:1)  I 

to  differentiate  viable  from  damaged  cells.  The  3n - 

Trypan  blue-ceO  suspension  (5-10  pi)  was  placed 

on  a  glass  microscope  slide  and  secured  with  a — — — 
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cpvmltp  for  photobleathiai  recovery  tipenmeau 
Protein  concentrations  were  determined  for  washed 
and  un»»sh«l  ceil  suspeataons  according  to  the 
method  of  Lowrv  et  ad  \W. 

/Twoeefcmr#  'eroavn  tt*rtr  pKnohieechi*g  EXi- 
fusion  coefficients  (X>)  and  mobile  f;  actions  (frac¬ 
tions  of  tha  Cuorophom  wtuch  arc  laterally  bo> 
bile  us  the  stperunental  ume-icak)  mire  do 
urnMwrt  bv  fiuoreaocacc  recovery  after  p4ou> 
bleaching  The  apparatus  *u  dtapud  tkn|  ooa- 
veauooaJ  lines  [1920)  A  detailed  descrtpuoe  of 
the  equipment  tod  data  uulrtu  can  be  found 
el-ewhere  [21).  Di/fuMoo  cceffioenu  of  the  fluo- 
return  t  probe  were  determined  from  the  urae  de¬ 
pendency  of  fluorescence  recovery.  Recovery 
curves  were  routinely  measured  for  3  ana  foflow- 
ing  a  1  i  blends. 

Hanwha 

F\a*ctu**mi  a at  *or  toxtarr  of  FTTC-LFS 

Tbe  toaiaty  of  fluoreacem  labelled  adotoui 
eras  assessed  ia  both  oeU  types  by  aseajunnf  alter- 
at ioc*  ia  various  metabolic  parameters.  la  mouse 
neuroblastoma  cells,  tbe  effect  of  FTTC-LPS  oa 
cellular  (ATP1/)ADP)  ratio  was  deterruaed.  ATP 


sad  ADP  coaces trauoas  were  measured  tww,*;.. 
caily  by  the  methods  of  Lamptncbt  and 
Trautacboid  [121  and  }*+*nzk  et  ai  '2’i  mspec- 
uveN  It  was  found  that  a  dose  of  12-24  ag 
FT?C-LtP3  «ag  dr*  wv  produced  a  HI  dec  ka*  :m  > 
(ATTVIadP)  moos  smhta  1  h  incuhauna  (owstroi  /  , 

•  172  i“ 6.32  aad  FTTC-LM  treated  •  i  41  ± 

0  19.  values  art  the  means  *  S  E.  for  three  separate 
aspanasnsm  la  msiatad  bspetocym.  t  ag  FI7C- 
LPS/mg  dry  n  produced  a  «Ct  aacrms*  ia  [#- 
hy4rory»»tyme^aasoacnatr]  rawss  wtthm  the 
same  tune  aster* si  (control  -  0  «»  t  0  03  and 
FTTC-LPS  treated  •  Q.Tf  t  0  04.  a  •  Jt  Roth 
metabolites  were  measured  according  so  9*  ,'.Lan»* 
son  ct  aL  [24}. 

Lateref  mefefiry  mdbraau*  hmwuf  a*  Hupamryter 
end  eeuroMexfOMW  cr£r 

Lateral  asofeafcty  of  FTTC-LPS  was  determined 
ia  hepesccytn  foQosnng  a  30  mus  utcuSanoa  wtth 
12  at  FTTC-LPS/atg  dry  wt  as  23*C  (Ftg.  U 
(This  cormpossds  to  sa  as  *w  dose  of  sndotoaas 
of  spproa.  3-3  mg/ 100  g  The  astiasaus  wa*  based 
oe  the  caarstlatiou  of  Krebs  «  aL  [17]  that  631  of 
rat  bver  is  composed  of  parwsdsymai'  ceils  sad  ew 
the  report  of  Cydairyk  sad  Moon  [9]  that  foGow- 
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mg  intravenous  injection  of  endotoxin.  80%  is 
recovered  in  the  liver.)  The  fractional  recovery  of 
fluorescence  after  the  first  bleach  was  used  as  a 
measure  of  the  mobile  fraction  of  the  fluoro- 
phores.  It  was  found  that  65%  of  the  FITC-LPS 
bound  to  hepatocytes  was  mobile  in  the  plasma 
membrane  with  a  diffusion  coefficient  of  4.5  •  10“’ 
cnr/s.  After  the  second  and  further  bleaches  of 
the  same  area  the  curves  returned  to  their  original 
pre-bleach  levels,  which  demonstrates  that  the  re¬ 
coveries  were  100%  complete  within  the  limits  of 
experimental  error  (see  Fig.  2).  Moreover,  there 
was  no  significant  difference  between  diffusion 
coefficients  derived  from  the  first  and  successive 
bleaches  at  the  same  membrane  location.  This 
behavior  indicates  that  the  laser  beam  had  no 
adverse  effect  on  the  cellular  plasma  membrane, 
which  is  in  agreement  with  numerous  studies  of 
other  investigators  (12-14,24,29,31). 

Fig.  U>^  shows  a  representative  fluorescence  re¬ 
covery  after  photobleaching  profile  for  a  neuro¬ 
blastoma  cell  incubated  with  FTTC-LPS  under  the 
same  experimental  conditions  as  described  for 
hepatocytes.  In  neuroblastoma  cells,  lateral  mobil¬ 
ity  of  FTTC-LPS  was  greater,  with  an  average 
diffusion  coefficient  of  1  •  10"  *  cm3/*.  There  was 
also  an  increase  in  fractional  recovery  of  fluores¬ 
cence  to  80%  as  compared  to  65%  in  the  hepato¬ 
cytes. 


"  50.500 


Effect  of  temperature  on  lateral  mobility  of  endo¬ 
toxin 

Lateral  mobility  of  FTTC-LPS  in  both  primary 
and  transformed  cells  was  measured  at  10.  25  and 
37°(rto  determine  whether  diffusion  was  tempera¬ 
ture  dependent.  Cells  were  incubated  for  30  min 
with  12  pg  FITC-LPS/mg  dry  wt.  at  the  three 
temperatures,  then  washed  and  samples  prepared 
as  described  in  Methods.  Measurements  of  fluores¬ 
cence  recovery  after  photobleaching  were  earned 
out  using  a  thermostatically  controlled  stage  so 
that  the  incubation  temperature  could  be  main¬ 
tained  constant  The  results  of  these  experiments 
are  shown  in  Table  L  In  both  primary  and  trans¬ 
formed  cells,  lateral  mobility  of  FTTC-LPS  in¬ 
creased  as  the  temperature  was  raised  from  10°C 
to  37°C  In  hepatocyter,  the  diffusion  coefficient 
increased  6-fol<i  from  1.78  •  10~*  cm2/*  *t  10°C 
to  LOO  •  10“'  cnr/s  at  37°C,  with  no  significant 
change  in  the  size  of  the  mobile  fraction  over  this 
temperature  range.  In  neuroblastoma  cells  there 
was  a  2- fold  increase  in  the  diffusion  coefficient, 
from  94  •  10*’  cmVs  at  10*C  to  1.97  •  10'  *  cnr/s 
at  37*C,  while  the  mobile  fraction  appeared  to  be 
somewhat  smaller  (by  about  10%)  at  37°C 

Effect  of  incubation  time  on  binding  and  lateral 
mobility  of  endotoxin 

The  effect  of  length  of  incubation  time  on  bi- 
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Fig.  2.  Fluoraccoc*  recovery  profile*  for  thret  aootecetive  bltedm  of  FITC-LPS-tabdlai  kapeaacytea. 
wiib  12  h  FITC-LPS/mg  dry  en.  m  25*C  for  30  an.  Diffuooa  coefficient  it  1.12-10~*cmV*  *b4  flu 
(2)  13%  e»d  (3)  *9%. 
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ndin#  and  lateral  tDobiity  of  FITC-Ubetled  endo¬ 
toxin  *m  examined  in  both  primary  and  traoa- 
tormed  cells  and  the  results  an  shorn  ia  Table  II. 
Tbe  cells  were  incubated  for  10.  45.  and  90  man  at 
23*C  w,th  12  at  FTTC-LPS/mf  dry  wt.  It  wa* 
found  that  neither  lateral  nobthry  nor  aat  of  tbe 
mobile  fraction  (dau  not  shown)  was  dependent 
on  tncubauoe  time  in  ether  type  of  ceO  fhepsto- 
evtes.  D «  3.63  10**  atr/ti  neuroblastoma 
Nt-l'i  NM1A3.  D- 1.0  10*' an*/*). 

donvesoooal  flworomethc  technique  was  then 
used  (sae  Methods)  to  determine  whether  tbe  hi* 
ndinf  of  FTTC-LPS  was  tune-dependent  in  ether 
primary  or  transformed  cells.  It  was  found  that 
when  cells  were  incubated  with  12  a  1/004  dry  wt 
at  23*C  for  10-90  mm  the  amount  of  labeled 
toxin  hound  10  cells  did  not  vary  npuftcaatfy  with 


tune,  although  hepatocryus  bound  3-5**uw»  more 
FTTC-LPS  than  did  weurcblaetoaM  cetls. 

tffpct  of  mdMoxin  nmamenutm  m  Hwwfenf 

EqmLbnum  bmchc#  studies  at  different  endo¬ 
toxin  oowcentratioaa  were  performed  on  both 
bepntocym  and  newrobiattom*  cells  aa  described 
in  Materials  and  Methods  an4  tbe  results  are 
shown  in  Ft#.  3.  Cells  were  incubated  for  30  u 
at  23 *C  with  her  «ea  1  and  230  a#  FTTC-LPS/ad 
cell  suspension.  Over  this  eoncestraucn  ranae, 
there  wnt  no  evidence  of  saturation  of  bmdux# 
ntss  in  ether  oefl  type.  However,  a  was  observed, 
at  each  endotoxin  oonceatrasxm.  that  bepacocytes 
bound  between  1.5-3- umat  acre  endotoxin /it# 
protein  than  neuroblastoma  ceils 

Scatchard  analyst*  of  the  bmdut#  of  FTTC-LPS 
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Fig  3.  binding  of  FTTC-LPS  to  hcpatocytei  (•»  a ad  neuro¬ 
blastoma  oelli  (a)  u  a  function  of  toxin  concentration. 
Hcpatocytca  and  Murobiastoma  calls  (3  mg  dry  wL/ml)  were 
iacubatad  with  FTTC-LPS  at  the  indicatad  coocentraboos  for 
30  min  at  25*C  Binding  >u  determined  3uorotnetncaily. 
Value*  are  the  mean  ±  S.E.  for  four  different  ceil  preparation*. 


to  hcpatocytes  is  shown  in  Fig.  4.  The  binding 
curve  was  found  to  be  non-linear,  which  suggests 
,  the  existence  of  two  types  of  FTTC-LPS  binding 
•J  site:  one  with  a  high  affinity  which  constitutes  a 
small  fraction  of  total  sites  and  one  with  much 
lower  affinity  composed  of  a  relatively  large  popu¬ 
lation  of  sites.  The  number  of  FITC-LPS  high-af¬ 
finity  binding  sites  on  hepatocyte  cells  was  calcu¬ 


lated  to  be  approx.  1  •  105  per/cell,  a  value  similar 
to  that  reported  by  Larsen  and  Sullivan  [25]  for 
human  monocytes. 

It  is  worth  mentioning  that  in  the  range  of 
endotoxin  concentration  of  0.1-10  Mg/ml  the  im¬ 
mobile  fraction  on  the  hepatocyte  became  greater. 
Although  it  is  tempting  to  speculate  that  the  im¬ 
mobile  fraction  represents  specific  binding  of 
lipopoly saccha  rides,  interference  by  background 
fluorescence  in  these  measurements  does  not  allow 
us.  at  the  present  time,  to  draw  a  definite  conciu- 


Lateral  mobility  of  endotoxin  bound  to  viable  and 
nonviable  cells 

Further  information  on  the  nature  of  endotoxin 
interaction  with  the  plasma  membrane  was  ob¬ 
tained  by  comparing  the  fluorescence  recovery 
profiles  of  viable  and  nonviable  cells.  The  diffu¬ 
sion  coefficient  for  FTTC-LPS  bound  to  viable 
hepatocytes  was  (4.58  ±  1.15  •  10~*  c nr/s  and  the 
immobile  fraction  was  about  35%  (see  Table  I).  In 
a  nonviable  hepatocyte  (i.e_  that  which  did  not 
exclude  Trqpan  blue)  the  rate  of  lateral  mobility  of 
FITC-LPS*  was  higher  ( D  (163  ±  1.04  •  10"* 
cm2/*)  and  the  fluorescence  intensity  curve  showed 
100%  recovery.  (Values  are  means  ±  S.E  for  nine 
separate  experiments.)  Fluorescence  recovery  of 
100%  was  also  obtained  when  nonviable  neuro¬ 
blastoma  cells  were  bleached  (data  not  shown). 
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Fig.  4.  Scat-hard  auJym*  ot  binding  at  FTTC-LPS  to  bapato- 
cytaa.  Concentrations  ot  hm  and  bound  FTTC-LPS  wn  da- 
tenasned  Mnimuig  molecular  wegbl  of  bpopotysacchahde  to 
b«  1  10*.  r  wit  0.14.  VahMt  «ra  front  five  different  hepatocyte 
preparation*. 


An  area  of  particular  interest  in  understanding 
the  mechanism  of  action  of  endoioxin  at  the  cellu¬ 
lar  level  is  the  mode  of  attachment  of  endotoxin  to 
the  surface  of  mammalian  cells.  It  is  reasonable  to 
assume  that  before  endotoxin  can  elicit  cellular 
perturbations,  it  must  first  come  in  contact  with 
and/or  interact  with  the  plasma  membrane.  Stud¬ 
ies  with  radioactive  labeled  endotoxin  showed  that 
the  binding  of  endotoxin  to  a  variety  of  mam¬ 
malian  cells  was  rapid  (within  minutes)  and  in¬ 
dependent  of  temperature  [4,5,8,25].  It  has  also 
been  shown  that  pretreatment  of  cells  with  un- 
la  bded  endotoxin  decreased  the  binding  of  labeled 
toxin  [8J6].  However,  if  cells  were  first  labeled 
with  MG4abeied  than  exposed  to  unlabeled  LPS, 
very  little  displacement  was  observed,  which  may 


suggest  that  endotoxin  binds  to  cell  membranes 
with  high  affinity  [8].  This  finding  seems,  however, 
to  contradict  the  reports  that  endotoxin  binding  to 
a  number  of  different  cell  types  does  not  follow 
saturation  kinetics  [8.27,28].  Hence,  it  is  difficult 
to  ascertain  whether  interaction  of  endotoxin  with 
mammalian  cells  is  accomplished  through  direct 
attachment  to  a  specific  membrane  component 
which  generates  a  transmembrane  signal  or  through 
nonspecific  lipid-lipid  contacts  which  produce 
membrane  destabilization  and/or  alteration  in 
membrane  fluidity.  Either  type  of  endotoxin- 
plasma  membrane  association  could  conceivably 
produce  the  cellular  perturbations  that  have  been 
observed. 

The  results  of  this  study  have  shown  that  endo¬ 
toxin  bound  to  mammalian  cells  consists  of  two 
fractions  with  different  mobilities.  A  larger,  mobile 
fraction  has  a  diffusion  coefficient  of  between 
1  •  10“ 1  (neuroblastoma)  to  1  •  10“*  cnr/* 
(hepatocvtesO  at  23*C  which  is  dependent  on 
temperature  in  the  range  10-37*C  but  indepen¬ 
dent  of  length  of  incubation  time  between  10  and 
90  min.  These  values  for  diffusion  coefficients  are 
similar  to  those  reported  for  the  lateral  mobility  of 
membrane  lipids  [29-31]  and.  most  likely,  repre¬ 
sent  nonspecific  binding  of  endotoxin  to  these 
membrane  constituents. 

The  remaining  fraction  of  endotoxin  molecules 
bound  to  cells  is  relatively  immobile  with  a  diffu¬ 
sion  coefficient  of  less  than  10“ u  cm2/*.  The  size 
of  this  immobile  fraction  is  independent  of  tem¬ 
perature  between  10  and  37*C  and  independent  of 
length  of  incubation  between  10  and  90  min.  The 
immobile  fraction  is  absent  from  non  viable  cells  in 
which  all  of  the  endotoxin  bound  to  cells  was 
mobile  with  a  diffusion  coefficient  of  approx.  10~* 
cnr/s.  Hence,  the  immobile  fraction  must  repre¬ 
sent  a  type  of  binding,  the  existence  of  which 
depends  on  ability  of  the  cell  to  maintain  its  vital 
function,  i.e^  to  produce  energy. 

The  nature  of  the  immobile  fraction  of  endo¬ 
toxin  molecules  is  of  great  interest  At  least  three 
possibilities  can  be  entertained:  (1)  aggregation  of 
endotoxin  molecules  on  the  cell  surface;  (2)  inter- 
nalizatioo  of  a  subpopulatioo  of  endotoxin  mole¬ 
cules;  or  (3)  binding  of  endotoxin  to  a  specific 
membrane  component  which  is  anchored  on  the 
cell  surface  and  not  freely  mobile. 


h  is  unlikely  that  the  immobile  fraction  repre¬ 
sents  the  binding  of  a  mixed  population  of  endo¬ 
toxin  molecules  (i.e..  aggregates  of  different  sizes), 
or  aggregation  of  endotoxin  molecules  on  the  cell 
surface  either  spontaneously  or  due  to  chemical 
cros.tlink.ing  produced  by  the  photobleaching.  It 
has  been  shown  that  successive  bleaches  of  the 
same  ares  of  the  cell  surface  result  in  recovery 
profit  which  approach  100%.  If  the  immobile 
fraction  were  a  result  of  crosslinking  of  the  endo¬ 
toxin  molecules,  then  successive  bleaches  of  the 
same  spot  would  continue  to  produce  an  ‘immo¬ 
bile*  fraction  of  fluoropbores.  In  addition,  either 
binding  of  various  sizes  of  aggregates  or  formation 
of  aggregates  of  endotoxin  molecules  should  be 
observed  in  both  viable  and  non  viable  cells.  We 
did  not  observe  an  immobile  fraction  in  non  viable 
cells,  indicating  that  cellular  integrity  rather  than 
aggregation  of  endotoxin  molecules  is  important 
for  the  presence  of  an  immobile  fraction  on  the 
cell  surface. 

It  is  more  difficult  to  ascertain  whether  the 
immobile  fraction  represents  specific  binding  to  a 
membrane  component  or  internalization  of  a  frac¬ 
tion  of  thfe  endotoxin  molecules.  However,  inter¬ 
nalization,  which  most  likely  involves  changes  in 
both  the  protein  and  lipid  components  of  the 
plasma  membrane,  is  known  to  be  inhibited  at  low 
temperatures  [33,34]  and  increases  with  longer  in¬ 
cubation  times  [33].  By  contrast,  our  studies  show 
that  the  immobile  fraction  was  temperature-  and 
incubatioo-time-independent.  Hence,  it  can  be 
suggested  that  this  smaller  fraction  of  bound  endo¬ 
toxin  molecules,  which  is  relatively  immobile  on 
the  ceD  surface,  represents  a  population  of  sites 
which  interact  with  a  specific  membrane  compo¬ 
nent,  most  likely  a  protein,  since  the  latter  is 
known  to  diffuse  in  the  plane  of  the  membrane  at 
a  slower  rate  [12.13,20,29,31]. 

In  comparing  binding  of  endotoxin  to  hepato- 
cyxes  and  neuroblastoma  cells,  we  found  the  fol¬ 
lowing  differences:  (1)  hepatocytes  bound  more 
endotoxin/mg  protein  than  neuroblastoma  cells; 
(2)  the  lateral  mobility  of  endotoxin  on  the  cell 
surface  was  lower  in  hepatocytes;  and  (3)  the  size 
of  the  immobile  fraction  was  larger  in  hepatocytes. 
The  reasons  for  these  differences  are  not  dev  at 
present.  One  possibility  is  that  the  presence  of 
nanogram  quantities  of  endotoxin  in  fetal  calf 


tenun.  a  component  of  the  culture  medium,  causes 
transformed  cells  to  become  selectively  resistant  to 
the  toxin.  An  alternative  is  that  various  cells  ex¬ 
hibit  intrinsic  differences  in  both  the  lipid  and 
protein  composition  of  their  plasma  membrane 
and  hence  bind  different  amounts  of  endotoxin. 
This  means  that  the  number  of  binding  ‘sites’  for 
lipopolysaccharide  on  plasma  membranes  of  vari¬ 
ous  cells  may  be  different.  Since  in  our  hands 
hepatocvtes  appeared  to  be  more  sensitive  to  en¬ 
dotoxin  than  neuroblastoma  cells  it  is  tempting  to 
speculate  that  the  amount  of  lipopolysaccharide 
bound  per  cell  and/or  the  size  of  the  immobile 
fraction  is  correlated  positively  with  cellular  sus¬ 
ceptibility  to  the  toxin. 
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Two  types  of  studies  were  carried  out  under  the  above  Navy  research  contract. 

1.  Interactions  between  endotoxin  and  plasma  membrane  were  examined  in  isolated 
hepatocytes  and  neuroblastoma  cells.  The  results  suggested  that:  i)  endotoxin 
binding  to  mammalian  cells  consists  of  two  subpopulations  with  different  mobi¬ 
lities;  ii)  binding  of  the  immobile  fraction  is  dependent  on  cellular  integri¬ 
ty;  iiij  differences  in  binding,  lateral  mobility  and  size  of  the  immobile 
fraction  in  hepatocytes  and  neuroblastoma  cells  may  be  due  to  variation  in 
membrane  composition  and/or  number  of  binding  sites. 

Summarized  in:  "Cellular  effects  of  endotoxin  in  vitro:  mobility  of  endotoxin 
in  the  plasma  membrane  of  hepatrcytes  and  neuroblastoma  cells"  L.  Kilpatrick- 
Smith,  G.  Maniara,  J.M.  Vanderkooi  and  M.  Erecinska.  Biochim.  Biophys.  Acta 
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2.  Effects  of  intraperitoneal  administration  of  a  sublethal  dose  of  E.  coli  endo¬ 
toxin  were  evaluated  in  fasted  rats.  The  results  demonstrated  that  there  was 
an  early  impairement  of  nitrogen  metabolism  in  endotoxemia  which  may  be  of 
significant  clinical  importance. 

Summarized  in:  "Endotoxin- induced  changes  in  nitrogen  metabolism"  L.  Kilpa- 
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ABSTRACT 


Intraperitone.il  administration  of  a  sublethal  dose  of  F_;_  coli  endotoxin 
to  fasted  rats  produced  within  12  hr  a  rise  in  plasma  ammonia,  urea,  glutamine, 
glutamate  and  aspartate  as  compared  to  controls.  At  this  time,  hepatic  urea 
levels  also  increased  as  did  glutamine,  glutamate,  aspartate,  alanine  and 
asparagine.  Hepatic  [ATP]/[ADP]  ratios  declined  in  endotoxin-treated  animals 
and  there  was  an  oxidation  of  mitochondrial  pyridine  nucleotides  and  a  reduction 
of  cytosolic  pyridine  nucleotides.  The  rise  in  blood  ammonia  and  amino 
nitrogen  concomitant  with  increased  ureagenesis  suggests  that  endotoxin 
administration  markedly  enhances  protein  catabolism. 
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INTRODUCTION 


Studies  utilizing  radiolabelied  endotoxin  have  shown  that  following 
an  IV  injection,  the  toxin  accumulates  in  the  liver  (17,19,29)  where  it 
binds  both  to  parenchymal  and  Kupffer  cells  (20,24,29).  These  observations 
indicate  that  the  liver  plays  an  important  role  in  the  clearance  and 
detoxification  of  endotoxin. 

The  liver  is  also  the  primary  site  for  gluconeogenesis ,  ketogenesis 
and  ureagenesis  and  serves  a  vital  role  in  supplying  the  body's  energy 
needs.  While  the  effect  of  endotoxin  on  hepatic  gluconeogenesis  and 
ketogenesis  has  been  studied  in  some  detail  (For  reviews,  see 
1,2,9,18,23),  its  action  on  nitrogen  metabolism  is  less  well  understood 
(1,28).  Preliminary  studies  from  our  laboratory  have  shown  that  a 
sublethal  dose  of  coli  endotoxin  increases  plasma  ammonia  levels 
(27)  which  suggests  that  hepatic  clearance  of  this  compound  may  have  been 
impaired.  Therefore,  the  object  of  this  investigation  was  to  examine,  in 
more  detail,  the  effect  of  endotoxin  on  hepatic  function  end  in  particular 
on  nitrogen  metabolism. 

METHODS 

Sample  Preparation 

Male  Sprague-Dawley  rats  (250-300  gr)  were  fasted  for  12  hours  then 
injected  intraperitoneally  (IP)  with  either  a  sublethal  dose  (0.2  mg/kg) 
of  E  coli  0111:B4  endotoxin  (Difco  Laboratories,  Detroit  MI)  or 
placebo  (52  dextrose  in  water).  With  the  particular  batch  of  endotoxin 
used,  a  dose  of  0.2  mg/kg  produced  no  parenchymal  inflammation  or  cellular 
necrosis  within  12  hr  (27).  There  were  no  changes  in  serum  SCOT  or  SCPT 
levels  and  the  livers  of  the  animals  were  essentially  normal  48  hrs  post 
endotoxin.  Other  histological  studies  (27)  showed  no  evidence  of 


inflammation  or  cellular  necrosis  in  the  brain,  nor  was  there  any 
.indications  of  vascular  damage.  It  does  not  appear  that  this  level  of 
endotoxin  produced  intestinal  damage  since  the  animals  did  not  have 
diarrhea  or  show  any  other  evidence  of  gastrointestinal  disfunction.  In 
addition,  at  autopsy  there  was  no  evidence  of  gross  intestinal  damage  such 
as  apparent  hemorrhages  or  necrotic  areas. 

Plasma  and  liver  samples  were  taken  at  1,  4  or  12  hrs  post -treatment. 
At  sampling  times,  animals  were  anesthetized  with  sodium  pentobarbital  (35 
mg/kg)  by  IP  injection.  In  one  group  of  control  and  endotoxin-treated 
animals,  a  3  cm  incision  was  made  in  the  left  axilla  of  the  recumbant 
(supine)  animals  to  lacerate  the  axillary  artery.  Two  ml  of  blood  were 
aspirated  from  the  axillary  fossa,  placed  in  a  heparinized  tube  and 
centrifuged.  The  plasma  was  removed  and  quickly  mixed  with  cold 
perchloric  acid  (final  concentration  of  4Z),  centrifuged  and  the  clear 
supernatant  was  neutralized  (pH  6. 8-7. 2)  with  2N  ^00^-0.58  M 
triethanolamine.  Aliquots  of  the  extracts  were  used  for  the  assay  of 
metabolites. 

The  second  group  of  animals  (control  and  endotoxin  treated)  was 
anesthetized  as  described  above.  A  3  cm  incision  was  made  in  the  right 
upper  quadrant  of  the  abdomen  to  expose  the  liver.  The  animals  were 
quickly  turned  180°  to  allow  the  liver  to  protrude  vertically  from  the 
incision  and  a  section  of  the  liver  was  freeze-clamped  using  aluminum 
tongs  which  had  been  precooled  in  liquid  N^.  (Care  was  taken  during 
this  procedure  not  to  obstruct  blood  flow  and  introduce  anoxic  conditions 
to  the  lobe  of  the  liver  to  be  removed.)  The  liver  samples  were  stored  in 
liquid  until  metabolites  were  extracted  according  to  the  method  of 
Williamson  and  Corkey  (26)  and  neutralized  as  described  above.  Wet 


weights  of  the  liver  samples  were  determined  by  weighing  the  freezed 
clamped  tissue  prior  to  extraction  with  perchloric  acid. 


A  12  hr  urine  collection  was  obtained  from  5  control  and  5  endotoxin 
treated  rats.  Animals  were  housed  in  hanging  rodent  metabolic  cages  (Acme, 
Cincinnati,  Ohio).  Urine  was  collected  for  12  hrs  post  treatment, 
measured,  and  a  1  ml  sample  was  mixed  with  perchloric  acid  (final 
concentration  4Z).  Samples  were  neutralized  as  described  previously  and 
aliquots  were  utilized  for  determination  of  urine  ammonia  and  urea 
concentrations. 

Measurements  of  Metabolites 

The  concentrations  of  ATP  and  ADP  were  measured  enzymatically  using 
the  methods  of  Lamprecht  and  Trautschold  (15)  and  Jaworek  et  al  (1C), 
respectively.  Assnonia  and  urea  were  determined  by  the  method  of  Gutmann 
and  Bergmeyer  (7),  acetoacetate  and  3-OH-butyrate  according  to  Williamson 
et  al  (25),  lactate  according  to  Gawehn  and  Bergmeyer  (6)  and  pyruvate  by 
the  procedure  of  Czok  and  Lamprecht  (5). 

Measurement  of  amino  acids 

The  concentrations  of  various  amino  acids  in  both  plasma  and  liver 
samples  were  determined  by  high  pressure  liquid  chromatography  (HPLC)  of 
their  O-phthaldialdehyde  2-mercaptoethanol  derivatives  and  fluorescence 
detection  (8).  Sample  preparation  was  carried  out  as  described  previously 
(11). 

Reagents 

Enzymes  were  obtained  from  Boehringur-Mannheim  or  Sigma  Chemical  Co. 
All  other  reagents  were  of  the  highest  purity  commercially  available. 
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RESULTS 


Effect  of  endotoxin  on  plasma  [amino  acids] 

The  concentrations  of  amino  acids  in  the  plasma  of  control  and 
endotoxin-treated  animals  were  measured  at  1 ,  4  and  12  hr  post  treatment. 
Figure  1  shows  a  profile  of  selected  amino  acids  involved  in  nitrogen 
metabolism  over  this  time.  At  1  and  4  hours,  there  were  no  significant 
changes  in  the  levels  of  aspartate,  alanine,  glutamate,  arginine, 
glutamine  or  asparagine  in  endotoxin-treated  as  compared  to  control 
animals.  However  at  12  hr  after  endotoxin  treatment,  several  changes  were 
observed:  both  aspartate  and  glutamate  levels  increased  by  33Z,  while 
arginine  rose  by  24Z  as  compared  to  controls.  The  greatest  change  was  in 
glutamine  levels  which  increased  by  65Z  in  endotoxin-treated  animals. 
Effect  of  endotoxin  on  plasma  [urea]  and  [ NH^— ] 

The  concentrations  of  urea  and  NH, +  were  also  determined  in 
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plasma  obtained  from  control  and  endotoxin-treated  animals  at  1 ,  4  and  12 
hr  post  treatment  (Table  I,  Part  A).  Plasma  NH^+  in  control  animals 
remained  stable  at  approximately  60  uM.  In  endotoxin  treated  animals,  the 
[NH^+]  was  within  the  same  range  as  controls  at  1  and  4  hr  but  after 
12  hr,  had  risen  by  50Z,  i.e.  to  99  uM.  Urea  concentrations  were  also 
relatively  stable  in  coatrol  animals  over  12  hr  with  an  average  [urea]  of 
7  mM.  In  endotoxin-treated  animals,  there  was  a  slight  elevation  in  urea 
to  8.02  and  8.41  mM  at  1  and  4  hrs,  respectively  but  by  12  hr,  a 
significant  41Z  increase  to  10.05  mM  was  observed. 

Effect  of  endotoxin  on  urine  [ KH^~]  and  [urea] 

In  order  to  ascertain  whether  the  rise  in  plasma  NH^*  and  urea  in 
endotoxin-treated  animals  was  due  to  an  alteration  in  hepatic  nitrogen 
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metabolism  or  a  change  in  renal  clearance  of  ammonia,  urine  samples  were 

collected  from  both  control  and  treated  animals  as  described  in  Methods. 

It  was  found  that  there  was  no  statistically  significant  difference  in  the 

volume  of  urine  excreted  by  the  two  groups.  The  urine  [NH^+]  was 

368+2  uM  in  control  and  356+20  uM  in  endotoxin-treated  animals  (values 

are  the  mean  +  SD  for  5  animals  in  each  group).  In  controls,  the  urine 

urea  content  was  103.6+6.2  mg/12  hr  while  in  endotoxin-treated  animals 

there  was  a  significant  (P  <  0.01)  38Z  increase  to  138.7^18.5  (as 

determined  using  a  t-test  for  2  means  with  an  n  of  5  for  each  group). 

Effect  of  endotoxin  on  hepatic  [amino  acids] 

The  profile  of  liver  amino  acids  was  determined  in  control  and 

endotoxin-treated  animals  at  1 ,  4  and  12  hr  post  treatment  (Figure  2). 

One  hr  after  treatment  there  were  no  statistically  significant  differences 

between  endotoxin-treated  animals  and  controls.  At  4  hr,  glutamate  levels 

increased  by  53Z  and  those  of  glutamine  by  41Z  as  compared  to  controls. 

At  12  hr,  there  were  statistically  significant  increases  in  the  following 

amino  acid  concentrations;  aspartate  42Z,  glutamate  72Z,  glutamine  76Z, 

asparagine  16Z  and  alanine  96Z. 

Effect  of  endotoxin  on  hepatic  [urea]  and  [ NH^— ) 

Hepatic  ammonia  and  urea  concentrations  are  shown  in  Table  1,  Part 

B.  There  was  no  change  in  urea  concentration  in  endotoxin-treated  animals 

at  1  hr  as  compared  to  controls.  At  4  hr  there  was  a  slight  increase 

(24Z)  and  at  12  hr  the  urea  concentration  had  risen  by  67Z.  In  control 

animals,  the  hepatic  ammonia  concentration  remained  stable  at  0.7  umol/gr 

wet  wt  over  12  hr.  Endotoxin-treated  animals  had  similar  NH. +  levels 
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at  1  and  4  hr,  but  at  12  hr  post  treatment  there  was  a  24Z  increase  to 
0.88  umol/gr  wet  wt. 


Several  parameters  of  hepatic  energy  production  are  shown  in  Table 
11.  ( ATP] / [ ADP ]  ratios  were  similar  in  the  two  groups  of  animals  at  1  and 
4  hrs.  However  at  12  hrs,  endotoxin-treated  animals  showed  a  252  decrease 
in  C AT P 3 / [ AJDP ]  as  compared  to  controls  (3.42  and  2.47,  respectively).  The 
redox  state  of  the  mitochondrial  pyridine  nucleotides  was  determined  from 
Che  [ 3-OH-butyrate ]/ [ acetoace tate ]  ratios.  It  was  found  that  there  was  no 
difference  at  1  and  4  hr  post  treatment  but  at  12  hr,  the 
[ 3-OH-butyrate ]/( acetoacetate  ]  in  endotoxin-treated  animals  had  declined 
by  532.  This  indicates  that  there  was  oxidation  of  the  mitochondrial 
pyridine  nucleotides  at  that  time.  It  should  be  pointed  out  that  even 
though  the  [ 3-OH-butyrate ]/[ acetoacetate ]  ratio  declined  in  these  animals, 
there  was  no  change  in  the  concentration  of  total  ketones. 

[Lactate ]/ [pyruvate ]  ratios  were  also  determine4  at  1 ,  4  and  12  hr  post 
treatment.  Ac  12  hr  there  was  a  542  increase  in  the  [ lactate ]/[pyruvate ] 
in  endotoxin-treated  animals  as  compared  to  controls.  This  rise  was  due 
to  an  increase  in  hepatic  lactate  concentration,  while  the  pyruvate 
concentration  remained  unaltered.  The  [ lactate ]/[pyruate ]  is  a  reflection 
of  the  redox  state  of  the  cytosolic  pyridine  nucleotides  and  the  increase 
indicates  their  reduction. 

DISCUSSION 

In  this  study,  we  have  found  that  a  single  sublethal  dose  of 
endotoxin  given  to  fasted  rats  produced  alterations  in  plasma  and  hepatic 
concentrations  of  several  metabolites  within  4  hr.  Plasma  levels  of  urea 
began  to  increase  at  4  hr  and  by  12  hr  both  plasma  urea  and  ammonia  levels 
were  significantly  elevated  as  compared  to  controls.  There  were  also 
increases  in  plasma  levels  of  aspartate,  glutamine,  glutamate  and  arginine 


12  hr  after  endotoxin.  In  the  liver,  glutamate,  glutamine  and  urea  were 
increased  by  4  hr  after  treatment  and  by  12  hrs,  glutamate,  glutamine, 
aspartate,  alanine,  asparagine,  urea  and  lactate  levels  had  risen 
significantly.  In  addition,  there  was  oxidation  of  mitochondrial  pyridine 
nucleotides,  a  reduction  r>f  cytosolic  pyridine  nucleotides  and  a  decline 
in  the  [ ATP ] / [ ADP ]  ratios. 

One  of  the  most  striking  alterations  produced  by  a  sublethal  dose  of 
endotoxin  was  the  large  increase  in  plasma  ammonia  levels,  12  hr  post 
treatment.  A  similar  rise  in  blood  ammonia  has  been  reported  by  Yoshino 
(28)  in  rabbits  chat  were  injected  intravenously  with  Shi gc 11a 
f lexneri  endotoxin  (1  mg/kg).  Acxaonia  is  extremely  toxic  to  animals  for 
reasons  chat  are  not  yet  clear  (4)  and  its  blood  level  is  normally 
maintained  within  narrow  limits  at  very  low  concentrations  60-70  uM 

in  fasted  rats  (16))  through  conversion  to  urea..  Hyperammonemia  can  occur 
in  an  animal  for  several  reasons;  1)  increased  absorption  from  production 
by  intestinal  flora;  2)  decreased  excretion  due  to  renal  failure;  or  3) 
increased  protein  catabolism  and/or  decreased  ability  of  the  liver  to 
metabolize  ammonia.  Because  we  used  a  preparation  of  purified  coli 
endotoxin  aud  the  animal  showed  no  signs  of  intestinal  damage  (see 
Methods),  it  does  not  seem  likely  that  the  increased  blood  is  due 

to  increased  bacterial  activity  in  or  enhanced  absorption  from  the  gut. 

We  can  also  rule  out  altered  renal  function  because  endotoxin-treated 
animals  did  not  have  decreased  urine  output  or  ammonia  excretion  as 
compared  to  controls.  In  addition,  we  found  that  the  urea  concentration  in 
urine  from  endotoxin-  treated  animals  was  elevated  as  compared  to 


controls. 


The  two  remaining  possible  explanations  are  that  endotoxin  either 
inhibits  hepatic  ureagenesis  or  increases  protein  catabolism  for  which 
hepatic  nitrogen  metabolism  can  not  compensate.  The  former  seems  unlikely 
because  we  found  increased  urea  levels  in  both  the  plasma  and  urine  of 
endotoxin-treated  animals.  Furthermore,  the  hepatic  concentration  of  this 
compound  was  increased  by  24Z  at  4  hr  and  by  67Z  at  12  hr  post  endotoxin. 
These  observations  indicate  that  endotoxin  enhances  rather  than  inhibits 
urea  synthesis. 

It  has  been  observed  that  in  both  sepsis  and  after  endotoxin 
administration  amino  acids  are  mobilized  in  peripheral  tissues  for 
synthesis  of  proteins  and  preservation  of  liver  and  other  central  organs 
(3,21,22).  Our  results  are  consistent  with  these  findings  in  that  they 
show  increases  in  the  levels  of  several  amino  acids  in  both  the  plasma  and 
liver  of  endotoxin-treated  animals.  Hence  increased  protein  catabolism 
seems  to  be  the  most  likely  explanation  for  increased  blood  ammonia 
levels,  although  the  protein  source  and  the  site  of  the  lesion  remain  to 
be  established. 

It  is  worth  pointing  out  that  synthesis  of  urea  in  the  liver  is  not 
the  only  pathway  for  detoxification  of  ammonia.  There  are  two  other 
biosynthetic  reactions  which  are  important  in  the  regulation  of  ammonia 
levels  (16);  formation  of  glutamate  (from  NH^+  ♦  C( -ketoglutarate ) 
and  glutamine  (from  glutamate  ♦  NH^+).  Our  results  show  that  there  are 
large  increases  in  the  hepatic  concentrations  of  both  glutamate  and 
glutamine  which  suggest  that  these  amino  acids  may  also  be  products  of 
hepatic  ammonia  detoxification  and  not  solely  of  protein  catabolism.  This 
suggestion  is  consistent  with  studies  using  labeled  ammonium 
compounds  in  vivo  which  have  shown  that  the  label  appeared  not  only  in 


urea  buc  also  in  several  amino  acids,  specifically  glutamate,  aspartate, 
glutamine  and  asparagine  (16). 

The  question  that  remains  to  be  answered  is  why  is  there  still  a  rise 
in  plasma  ammonia  level  when  the  liver  appears  to  be  responding  to  an 
increased  load  appropriately  by  stimulation  of  detoxification  mechanisms? 

A  possible  explanation  is  that  glutamine  synthesis  and  urea  production  are 
not  rapid  enough  to  deal  with  the  overload.  It  is  well  established  that 
both  of  these  processes  require  ATP.  Our  measurements  of  hepatic  energy 
parameters  showed  that  there  is  an  alteration  in  the  energy  level  in 
endotoxin-treated  animals.  The  oxidation  of  intramitochondria  1  pyridine 
nucleotides  and  concomitant  decline  in  the  [ATP]/[AOP]  suggest  that  due  to 
the  decrease  in  the  reducing  power  of  the  intramitochondria  1  metabolites, 
the  liver  cannot  control  the  increased  amino  acid  load.  Consequently, 
blood  ammonia  rises  in  spite  of  increased  urea  synthesis  and  stimulation 
of  glutamine  and  glutamate  formation.  These  findings  support  our  in 
vitro  studies  (l&,l4)  which  showed  that  one  cf  the  earliest 
perturbations  produced  by  endotoxin  was  a  auppresion  of  the  aerobic 
metabolic  capacity  and  thereby  of  the  cellular  energy  levels. 

A  frequent  observation  following  the  administration  of  endotoxin  is 
depressed  hepatic  gluconeogenesis  (2,9,23).  Assuming  that  our  observation 
of  increased  ureagenesis  is  a  general  feature  of  endotoxemia,  then  this 
decrease  in  gluconeogenesis  must  occur  simultaneously  with  increased 
nitrogen  metabolism.  Ureagenesis  and  gluconeogenesis  are  interrelated  on  2 
levels,  by  sharing  intermediate  steps  and  through  competition  for  ATP 
(14).  It  is  tempting  to  speculate  that  endotoxin  produces  hepatic 
conditions  which  favor  urea  synthesis  over  gluconeogenesis  and  that  the 
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decreased  gluconeogensis  often  observed  following  endotoxin  administration 
is  a  secondary  effect  resulting  from  increased  nitrogen  metabolism. 
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Table  II 


Effect  of  Endotoxin  on  Hepatic  [ATP]/[ADP], 
Cytosolic  and  Mitochondrial  Redox  States 


1  Hr 


4  Hr  12  Hr 


[ATP]/ [ADP] 

Control  4.16  +.  1.19 

(4) 

Endotoxin-Treated  4.17  +_  1.4S 

(4) 


f 5-OH-Butvratel 
[Acetoacetate] 

Control 

Endotoxin-Treated 


2.08  +  0.73 
(4) 


2.26  +  1.51 
(4) 


[Lactate]/ [Pyruvate] 

Control  26.12  ♦  S.49 

(4) 

Endotoxin-Treated  25.35  ^9.89 

(4) 


4.12  +  1.13 
(4) 

3.30  +  0.91 
(4) 


3.42  +  0.73 
(7) 

2.47  +  0.14* 
(7) 


2.36  +  0.52  2.60  +  0.84 

(4)  (7) 

2.61+0.35  1.38+0.43** 

(4)  -  (7) 


35.37+6.01  28.96+4.63 

(4)  (5) 

34,39+10.32  44.79+9.85* 

(4)  (5) 


Metaboliteconcentrations  were  determined  as  described  in  Methods. 

[ATP  +  ADP]  *  2.36  -  2.74  ymol/gr  wet  wt  and  [3-OH-butyrate  +  acetoacetate]  * 
0.83  -  1.14  ymol/gr  wet  wt  in  both  control  and  endotoxin-treated  animals. 

In  controls,  [lactate]  *  1.28  -  1.39  ymol/gr  wet  wt  and  in  endotoxin-treated 
animals  1.25  at  1  hr  and  2.15  at  12  hr. 

Values  are  means  +.  SD  for  the  number  of  experiments  in  parenthesis_._ 

*P<0.01,  **P<0. 001  as  determined  using  t-test  for  2  means. 


Figure  Legend 


Figure  1 

Effect  of  Endotoxin  on  Plasma  Amino  Acids 

The  levels  of  plasma  amino  acids  were  determined  by  HPLC  in  control  and 
endotoxin-treated  animals  at  1,  4  5  12  hrs  post  treatment.  Control  "1  I 


Endotoxin-treated  ■ 


•  •  •  * 
•  •  •  • 

•  •  •  1 
•  •  •  • 

(1  hr), 

(4  hr)  and 

ESI 

(12  hr) 


Values  are  means  ♦  SEM  (N*5), 


Figure  2 

Effect  of  Endotoxin  on  Hepatic  Amino  Acids 

The  concentrations  of  hepatic  amino  acids  were  determined  by  HPLC 

in  control  and  endotoxin-treated  animals  at  1,4  and  12  hr  post  treatment. 
Control  »  □ 


Endotoxin-treated 


(1  hr), 


(4  hr)  and 


lllllll  (12  hr).  Values  are  means  ♦_  SEM  for  the  number  of  experiments  in 
parenthesis. 


